The articulatory range of a speaker has previously been estimated by the shape formed by first and second formant measurements of produced vowels. In a majority of the currently available metrics, formant frequency measurements are reduced to a single estimate for a condition, which has adverse consequences for subsequent statistical testing. Other metrics provide estimates of size of vowel articulation changes only, and do not provide a method for studying the direction of the change. This paper proposes an alternative approach. Vowel formant frequencies are redefined as vectors originating from a defined center point of the vowel space fixed to a basic three-vowel frame. The Euclidean length of the vectors, the vowel formant dispersion (VFD), can be compared across conditions for evidence of articulatory expansions or reductions across conditions or speaker groups. Further, the angle component of the vowel vectors allows for analyses of direction of the reduction or expansion. Based on the range of investigations afforded by the VFD metric, and simulation experiments that compare its statistical properties with those of other proposed metrics, it is argued that the VFD procedure offers an enhanced view of vowel articulation change over rival metrics.
I. INTRODUCTION
Measurements of vowel formant frequencies are widely used in acoustic studies of articulatory settings in vowel production. The center formant frequencies of the first and second formants (F 1 and F 2 ) especially have been used to infer tongue position within the range of formant frequencies (and thus within the articulatory range) available for a specific speaker. Being readily available for extraction from acoustic recordings, formant frequency measurements afford studies of vowel articulation in situations and with speaker groups where direct physiological measurements would be infeasible or too invasive.
As F 1 and F 2 center frequencies have been linked with position of the tongue during vowel production, the articulatory range of a specific speaker for a specific condition has been estimated from the corner vowels on an F 2 -F 1 plane. The size of the shape enclosed by these corner vowels has been shown to correlate well with intelligibility of the speaker 1 and has predominantly been quantified by its area, the vowel space area (VSA). 2 VSA estimates, based on either three (VSA3) or four vowel-systems (VSA4), have formed the basis of many studies investigating the reduction of articulation in patient groups due to a specific condition, or the restoration of articulatory range as a result of treatment. [2] [3] [4] [5] [6] [7] [8] [9] [10] The results have, however, been variable in terms of articulatory change shown by the VSA metric, with reductions in VSA at times failing to reach significance in cases where a consistent trend of articulatory reduction is observed [11] [12] [13] (see Sapir et al. 9 for a review). In an attempt to address the observed lack of power in the VSA measure, a reorganization of the formant frequency values has been proposed to form a quotient of formant frequency sums into a formant centralization ratio (FCR), so that "the formant frequencies in the numerator are likely to increase, and the formant frequencies in the denominator are likely to decrease with vowel centralization." 9 The FCR metric for a three-vowel acoustic space is defined as
where the F (formant values) in each equation corresponds to the F 1 and F 2 measurements of the vowels /i,a,u/ (subscripts). As indicated in Eq. (1), the FCR is the inverse of an alternative measure, the vowel articulation index (VAI), proposed elsewhere 8 for the same number of vowels. In the case of the VAI measure, a four-vowel variant, defined as
has been proposed to include the option of investigating the properties of four-vowel quadrilaterals. 8 Based on the VAI/ FCR metrics in Eqs. (1) and (2) , studies have been able to show a significant reduction in VAI (or an increase in FCR) due to hypokinetic dysarthria. 8, 9, 14 The VAI/FCR metrics have therefore been argued to provide an enhanced sensitivity over the VSA metric in quantifying vowel articulation change in dysarthric patients.
Apart from the literature concerned with the effect of dysarthria, alternative approaches for estimating the size of the active articulatory range in speakers focusing on other aspects of vowel space size have been investigated. Lane et al. 15 proposed an average vowel spacing (AVS) metric, defined as AVS¼ 2 nðnÀ1Þ
to form the pairwise Euclidean distances between F 1 and F 2 frequencies of corner vowels (indexed by i) which is subsequently averaged to form a single separation quantity for the full set of n vowels. The AVS is predicted to increase in an expanding vowel space articulation and to decrease in reduced articulation range. A metric similar to the AVS was also shown by Neel et al. 16 to be more powerful than VSA in the prediction of speech intelligibility, affirming that distance-based metrics may offer advantages over those estimating overall acoustic area.
In a parallel development, an alternative approach focused on a reformulation of formant frequency values from being points in a vowel space to distances from a vowel space center. Bradlow et al.
1 placed a center of the F 2 -F 1 plane at the point (F 2 c ,F 1 c ), where F 1 c ¼ ð1=nÞ
F 2 i for a set of n vowel productions, and found that the average distance from this center point to a point (F 2 i ,F 1 i ) for each vowel correlated well with the degree of intelligibility in normal speakers. A similar method has also been shown to be a useful basis for vowel space normalization across speakers in other fields. 17, 18 The approach used by Bradlow et al.
1 is seen as an advancement over rival approaches as it is intuitively related to a vowel space center point, and therefore agrees well with vowel centralization processes frequently observed in highly time-constrained articulation. It further considers the direction of the reduction in vowel articulation in the procedure, which provides a basic first step toward interpretation in terms of the articulatory structure that is affected by a decreased articulatory range.
While the metrics discussed so far have all been used recently in comparisons of articulatory range of speakers, they raise, however, two issues of statistical importance that have not yet received attention in the literature. The first issue concerns the overall nature of the metrics, and applies to the most frequently used VSA and VAI/FCR metrics. The metrics are calculated based on formant frequency measurements of corner vowels, each consisting of a single (F 2 ,F 1 ) coordinate tuple constructed from the within-vowel average. Thus, while the accuracy of the average corner vowel estimate may be strengthened by multiple measurements of phonetically comparable vowels, the result is in all cases a single (F 2 ,F 1 ) coordinate tuple for each corner. All information concerning the confidence interval of this mean estimate is discarded. Due to this issue, metrics similar to the AVS metric 15, 16 should be considered an advancement since formant measurements of individual productions can be directly included in the calculations of inter-vowel dispersions, adding to the stability of the measure.
The second issue of statistical importance concerns how the metrics are prepared for inclusion into statistical testing of group differences or developmental trends, and applies to all metrics discussed so far. As a part of the calculations, formant frequency values are condensed into a single value for each set of vowels, resulting in a substantial loss of information concerning the measurements on which the resulting metric is based. Further, as only a single value is returned from the calculation, determination of within-condition variation is not supported without a resampling procedure. This severely reduces the possibility of within-subject modeling and reliable repeated measures testing, and is therefore considered to be a strong negative factor in the usefulness of the metrics.
An additional issue of statistical importance relates specifically to the VAI/FCR metrics and concerns the reliability of results of statistical testing where these metrics are used as covariates. The VAI/FCR metrics were explicitly designed to be more sensitive to finding statistically significant reductions in vowel articulation range than the VSA. 9 This design goal may unduly increase the risk of a Type I error of analysis by simply increasing the chance of finding significant differences, but this has not been evaluated in any report known to us.
Besides the statistical issues raised above, there is a final point related to the interpretation of any experimental changes found for the metrics discussed so far. For all metrics, a change in the resulting value is proposed to indicate an underlying reduction or expansion of overall vowel articulation range. An analysis into which part of the vowel space is affected is, however, not afforded by any of the metrics. As such, even in research designs where the statistical deficiencies are remedied by controlled resampling, the metrics provide a limited view regarding the nature of the indicated change in articulation.
In light of the reviewed issues with the more frequently used metrics, a considerable advancement is seen in the approach used by Neumeyer et al. 19 in the estimation of vowel production range in children with cochlear implants. In their study, Neumeyer et al. used the center point formed by the average frequencies of F 1 and F 2 , from which the Euclidean distance of each vowel was calculated. However, in contrast to other metrics, 1, 3 Neumeyer et al. 19 used formants from all productions of each corner vowel, and not their average, to create a full set of distances that were used as the basis for comparisons between groups. This approach offers significant advantages over previously proposed metrics as it overtly includes the full set of corner vowels, and thereby also an estimate of the within-vowel variability, into the statistical comparison of groups.
The selection of the centroid as a point of origin for each vowel, however, has a significant disadvantage when it comes to deducing the direction of a changed articulatory range within the F 2 -F 1 space. Any directional systematic change in articulation also affects the position of the center point, which in turn propagates a change in vowel distances to other vowels as well. This point was raised by Turner et al. 3 previously in connection to their metric. Further, the positioning of the centroid is dependent on the number of corner vowels included. As a result, the distances of a specific set of vowel productions within a space enclosed by four corner vowels would likely differ substantially from distances computed for the same vowel productions, but positioned within a system enclosed by three corner vowels. In light of the varying number of corner vowels used in previous studies of speakers with reduced articulatory range, [2] [3] [4] [5] [6] [7] [8] 10, 14 this instability in the placement of the center point offers a significant reduction in reliability of the metric. This lack of reliability will affect the study of significant articulatory impairment, as well as severely reduce comparability across studies.
A. Vowel formant dispersion
Against this background, a new metric of vowel articulation is proposed, vowel formant dispersion (VFD). In the VFD view of vowel space, vowels are considered as vectors originating from a center point (F 2 wm ,F 1 m ) that is calculated as a weighted midpoint in a stepwise procedure. In the first step, the coordinate of the midpoint along the vertical axis is calculated according to
for all vowels VðF 2 ; F 1 Þ. This is consistent with previously proposed procedures. 1, 3, 19 In contrast, the position of the vowel space center placement along the F 2 axis is defined as a weighted midpoint
and is therefore based only on vowels that are more closed than a vowel positioned at the vowel space midpoint along the F 1 axis, i.e., all vowels VðF 2 ; F 1 Þ with an F 1 value less than the value of the F 1 midpoint. This approach is similar to vowel space normalization strategies used previously, 20, 21 and accomplishes two objectives. First, the vowel space center position is kept constant across systems containing three and four investigated vowels, which facilitates comparison of results from three-and four-vowel studies. Further, threevowel systems have been proposed to approximate a minimal set of vowels across languages, 22 with systems similar to (/i/,/a/,/u/) being proposed as an approximate base set, suggesting that the method could be used in most contexts. Thus, calculations of the vowel space center point are based on the subset of measurements that forms the vowel triangle which is available in most studies. This provides an increased level of comparability across conditions over previously proposed approaches in which any vowel articulation change affects the placement of the center point, and therefore also the distances of all vowels.
Second, the placement of the center point is made more robust to missing productions of a suitable front, open vowel. Additional levels of robustness are further afforded by inclusion of vowels that are not at the edge of the vowel space across conditions in the calculations of vowel space center. These vowels are argued to be less affected by changes in vowel articulation proficiency, and therefore add robustness to the center point placement. This leads to increased robustness of the system as a whole when it is included in all conditions compared.
Subsequent to the establishment of a vowel space center point (F 2 wm ,F 1 m ), each vowel is conceived as a vector originating at this point. An illustration of the switch from perceiving vowels as points on a F 2 -F 1 plane to representing them as vectors is provided in Fig. 1 using vowel formant measurements from Peterson and Barney. 23 Each vowel vector V i is defined to have a length according to
indicating the dispersion of vowel formants (F) from the vowel space center, and referred to as the VFD. Similar to the method used by Neumeyer et al., 19 whole-system expansions or reductions of the vowel spaces can be studied by statistical testing of differences between the set of VFD values in each contrasted condition, and possibly within each vowel category. The VFD values are proposed to increase in expanded vowel spaces and decrease in vowel spaces with reduced articulation range. Similarly, as the complete set of measured vowels are included in the calculations, a substantial increase in statistical power is argued to be achieved over methods that use VSA, VAI/FCR, and AVS metrics that result in a single value for each speaker and condition.
The VFD view is argued to offer a significant advantage over the method of Neumeyer et al. 19 due to the increased robustness in the placement of the center point by the angle of a vowel vector against the F 2 axis in the F 2 -F 1 vowel plot. The vowel angle x i is defined as
in a Àp < x i < p interval and may be obtained by calculating atan2(F 1 i -F 1 m , F 2 i -F 2 wm ) in many computer languages and software packages. The angle x i defines in which direction a given vowel is located compared to the vowel center point. It may therefore be used to categorize the vowel in terms of articulatory properties by the quadrant of a unit circle in which the vowel is found for the purpose of systematic evaluation of vowel articulation properties. Back, closed, and half-closed vowels are found in the Àp < x i < Àp=2 range; front, closed, and half-closed vowels are found in the Àp=2 < x i < 0 range; front, half-open, and open vowels are found in the 0 < x i < p=2 range; and back, halfopen, and open vowels are found in the p=2 < x i < p range.
As shown in Fig. 2 , the computed vector angles remain robust to changes in vowel space size as they are comparable within most vowel categories across male, female, and child speakers in the Peterson and Barney 23 data set. One caveat that should be noted, however, is that back, half closed, or half-open vowels may receive a full Àp < x i < p angle range due to individual cross overs from the Àp < x i < Àp=2 quadrant to the p=2 < x i < p quadrant, and should not be considered robustly categorized by the angle proposed here. For vowels not positioned close to this crossover point, however, the data presented in Fig. 2 suggest that the vowel center positioning scheme results in vowel angles that are transferable to a full range of vowel space sizes.
Combined with the VFD values resulting from Eq. (6), the computed vowel vector angles afford detailed analysis of both size and direction of vowel space expansion or centralization. Figure 3 presents box plots of VFD values for vowels in the Peterson and Barney 23 data set divided by the angle component range, and with the phonetic target corresponding to the corner vowel of the angle range indicated for the sake of clarity. This type of display affords specific interpretations concerning the nature of observed changes in vowel articulation. In within-speaker investigations, reductions in proficiency of reaching articulatory targets in a certain direction, or as a result of a reduction involving a certain articulator (e.g., the mandible), are observed in the VFD values in the corresponding quadrant. Further, a quantification of articulatory precision is made available through descriptive statistics of variance within the quadrant in a controlled research design.
It can be argued that the VFD and vowel angle offer an enhanced view of vowel production properties over previously proposed metrics. In a controlled setting, it is comparable to the metric proposed by Neumeyer et al. 19 However, since the vowel space center remains constant across conditions, it adds an additional opportunity for separate study of direction of change that is not afforded by the method of the vowel space center. 3 VFD is argued to be superior to VSA, VAI/FCR, and AVS metrics for the study of changes in vowel articulation range as it retains more information that would be of benefit in construction of a solid statistical model.
Conversely, it could also be argued that the VSA, VAI/ FCR, and AVS offer an enhancement over VFD in that the process of averaging and reducing measurements into a single value may help prevent within-vowel variability and measurement errors that would otherwise increase the likelihood of a Type II error of analysis. In order to resolve these opposing views, two simulation experiments were conducted. Experiment I aimed at investigating the level of bias in the metrics while Experiment II investigated the power of each metric as a method for reliably finding reductions in produced vowel spaces.
II. EXPERIMENT I: POTENTIAL STATISTICAL BIAS IN THE PROPOSED METRICS
The aim of this experiment was to investigate whether a statistical bias exists in the proposed metrics. The relative frequency with which group differences would be found where none actually existed was investigated using a procedure of random sampling of speakers from a homogenous data set. It was expected that an unbiased metric would find differences between two random subsets of a homogenous group in 5% of investigations.
A. Material
The speech material used in the simulation consisted of the vowel formant frequency values obtained from 50 male speakers of Dutch 24 made available in the Praat software package. 25 This data set was selected because it constitutes the largest publicly available data set of comparable speakers, even though it contains measurements of only one production per vowel. F 1 and F 2 formant measures for the four vowels that constitute vowel space corners for each speaker were extracted to form the basis of the experiment.
B. Procedure
In the first step of the procedure, the size of the measurement set obtained for each vowel was varied in a resampling procedure. For each vowel and vowel formant, 2:::8 new vowel measurements were simulated by sampling from a normal distribution centered at the estimate given in Pols et al. 24 for the vowel formant in question, and with the standard deviation of that vowel formant across all speakers in the original data. 24 This initial step of the procedure simulated the scenario of an increasing number of comparable vowel measurements being available during statistical testing.
As a result of the initial resampling procedure, new data sets consisting of 1:::8 estimates of each corner vowel and speaker were provided. For each new data set, the vowel space metrics VSA3, VSA4, VAI3, VAI4, FCR3, and AVS were estimated on the mean corner vowels of the newly constructed vowel sets, simulating the situation of each metric being calculated by averaging an increasing number of productions of each corner vowel. In addition, VFD values were computed within each speaker, based on the F 1 and F 2 formant frequencies of each vowel production in the data set.
In the second step of the procedure, the generated data sets were repeatedly divided into two sets of 25 speakers and compared. In each iteration, 25 speakers were selected at random to form set A, and the remaining speakers were considered as set B. The two sets were then compared in terms of within-speaker VSA3, VSA4, VAI3, VAI4, FCR3, AVS, and VFD metrics by testing group differences with a student's t-test. The second step in the procedure was repeated 10 000 times, giving results in terms of probabilities that the samples came from the same populations (the p-value of the t-test) for each metric and iteration. Identical data sets formed the basis for the calculations for each metric. The corner categories are defined by the angle component of the vowel vector: Àp < ½u < Àp=2, Àp=2 < ½i < 0, 0 < ½ < p=2, and p=2 < ½a < p.
C. Results
The relative frequency of tests showing a significant difference at the p < 0:05 level between the two tested sets (A and B) for each proposed metric is shown in Fig. 4 . The p < 0:05 level was chosen as it constitutes an often used cutoff point where a significant difference would be reported. Test results are divided into separate panels by the number of vowel productions generated in step one of the simulation procedure, in groups of two.
As seen in Fig. 4 , all proposed metrics were shown to be biased when one or two productions per vowel were included in the calculations preceding the statistical testing. All metrics showed a worse than expected ability to find group differences. At 3 n 4 productions per vowel, all metrics except VSA4 and AVS approximate an unbiased testing in that differences between subgroups were found in relatively close to 5% of the 10 000 trials. When larger sets of productions (n ! 5) of each vowel were used to provide the mean estimate for the corner vowels, all metrics except VFD showed a considerable bias toward finding differences between the two randomly assigned sets of speakers of identical origin.
D. Discussion: Experiment I
Experiment I aimed at investigating whether a statistical bias existed in the proposed metrics. The experiment was conducted using a procedure of random sampling of speakers from an assumed homogenous data set, 24 which was then compared through statistical testing based on the proposed metrics of vowel space articulation. The expected result of an unbiased metric is that statistical testing should show statistical within-group differences at the 0.05 level in 5% of investigated cases. This expectation was, however, not borne out for all investigated metrics, and further, the simulation indicated that outcomes may be dependent on the number of productions included in the calculations. With less than three productions of each vowel, all metrics found group differences much less often than the assumed 5% of cases. At higher numbers of included productions, only the VFD metric remained close to the 5% level, while other metrics found differences to a considerably higher degree than what would be assumed for an unbiased metric.
The results of the simulation therefore indicated that, with less than three productions of each corner vowel included in the calculations, all investigated metrics of vowel space expansion found differences between groups where it could be assumed that there was no difference less often than expected. VFD stabilized at around 5% of tests at n ! 3 productions and performed in a reasonably predictive manner throughout the investigated range of productions of each vowel. The outcome of testing using the FCR3, VAI3, VAI4, and VSA3 appear to behave as expected with three or four included productions (five or six for AVS). Outside of these ranges, all previously proposed metrics appear to be approximately three times as likely to produce either a Type   FIG. 4 . The relative frequency (in percent) for which statistical testing of a homogenous data set divided at random into two sets would indicate a significant difference between the sets at the 0.05 level. The metric on which the testing was conducted is indicated on the horizontal axis. The 5% level expected in an unbiased testing is indicated by a dashed horizontal line. A dotted white line indicates a 1% level for the oppose of visual reference.
I or a Type II error of analysis compared to the generally assumed 5% of cases.
III. EXPERIMENT II: PERFORMANCE OF THE METRIC IN FINDING EXISTING GROUP DIFFERENCES
The aim of this experiment was to investigate the statistical power of each metric in finding an artificially constructed reduction in vowel space. It was expected that a reliable metric would give stable probabilities for statistical differences between sets given a controlled reduction of the actual size of the vowel space, while being able to detect the change earlier than rival metrics.
A. Material
The data set used in this experiment was the same as in Experiment I.
B. Procedure
This experiment was conducted in three steps, each one performed 1000 times. The first step was identical to that of Experiment I. As a result, eight data sets consisting of 50 speakers and from one to eight productions of each corner vowel were generated.
In a second step, the centroid of the vowel space, defined in accordance with some previous studies, 3, 19 was established as the within-speaker mean of F 1 and F 2 formant frequencies for vowels produced. The distance of each vowel to this vowel space center point was subsequently calculated. The selection of the centroid as a point toward which centralization would occur was made due to its intuitive nature and in order to not specifically bias any subsequent comparisons toward the VFD metric due to similarities in procedure.
In the final step, a reduction in articulatory range was simulated by moving each vowel closer to the center of the vowel space in steps of 1% of the original vowel distance. After each applied reduction of vowel space, statistical testing of each metric (FCR3, VAI3, VAI4, VSA3, VSA4, AVS, and VFD) between the original productions and the artificially reduced set was performed using one-tailed t-tests.
C. Results
The results of the simulation tests showing when a reduction of produced vowel space size would be detected is presented in Fig. 5 . The results are presented in terms of box plots of p-values obtained by statistical testing of differences between the original vowel space and the reduced vowel space. Each metric is displayed separately, as well as each range of the number of produced vowels included in the calculations. The same vowel spaces were compared across all metrics.
D. Discussion: Experiment II
This experiment aimed at investigating the statistical properties of vowel space metrics when establishing a vowel space reduction. Three observations can be made from the results of the simulations (Fig. 5) . First, all previously proposed metrics showed a substantial variability in p-values obtained for a certain controlled reduction of the vowel space. This is indicated by the size of the boxes as well as the presence of outliers. The outcome of statistical testing to find differences when the vowel space is reduced using these metrics appears to be highly dependent on the shape of the vowel space tested. For the VFD metric, the boxes are substantially smaller and no outliers are marked. This metric therefore appears to be more stable than rival metrics, although it should be observed that this stability may cause a later finding of significant differences between sets (comparable to VSA3) if a small number of productions of each vowel is included in the calculations.
Second, the VSA3, VSA4, VAI3, VAI4, and FCR3 metrics generally did not benefit from the inclusion of more productions of each vowel when it came to stability of the p-value. A reduction in the number of outliers and box sizes may be observed for n > 2, but remained comparable across all the other ranges of included productions, with the exception of a significant difference being found somewhat earlier (i.e., after a less extensive induced reduction of the vowel space) by the FCR3 metric when more productions were included. The VFD metric, in contrast, benefited greatly from the inclusion of more productions into the calculations, achieving a progressive increase in p-value stability and earlier detection of vowel space reduction. AVS received some benefit similar to that of VFD by the inclusion of more measurements, but remained conservative throughout the conditions examined here.
Third, it may be observed from Fig. 5 that the VSA3 and AVS metrics appear to be of weakest power when it comes to finding differences between the two data sets.
E. Conclusions: Experiment II
The simulation experiment indicated that the VFD metric was more stable than rival metrics and benefited most from the inclusion of more productions of each vowel. The metric was, however, highly conservative when it came to finding differences when n < 3 productions of each corner vowel were included in the calculations. The previously proposed metrics showed a large variability in the results and did not benefit substantially from the addition of extra vowel productions into the calculations. FCR3 is the metric which was most prone to finding differences when a low number of vowel productions formed the basis of the comparison. VSA3 and AVS appeared to be the least statistical powerful metrics investigated.
IV. DISCUSSION
This paper provides a description of a new metric, the VFD, for estimating the size and direction of vowel articulation change. Vowel formant tuples are redefined as vectors originating from a vowel space center point, the position of which is defined to reduce variability of its placement and thereby increase comparability across vowel systems. The stability of the vowel center point placement further affords the interpretation of the vectors in terms of direction of change of articulation. Two simulation experiments were conducted to investigate the statistical properties of the proposed metric, and compare it with previously proposed metrics.
The results of these experiments suggest that the VFD metric is less statistically biased than previously proposed metrics, once an appropriate sample size of vowel productions has been obtained. Rival metrics performed differently depending on sample size, and were shown to be unstable in terms of bias at opposite ends of the sample size range investigated. Further, the VFD metric was shown to be the most stable in prediction of vowel space reductions, and the metric that benefited most from the inclusion of more vowel measurements into the calculations.
The FCR3 was confirmed to be the most powerful metric in potentially finding differences between vowel spaces FIG. 5 . Obtained probabilities of no difference being detected in statistical testing (one tailed t-test) between the full vowel space (Ref. 24 ) and a reduced version of the same vowel space, categorized by metric (right side) and the range of number of productions of each vowel included in the calculations (top). The scaling factor (percent of original vowel distance from the vowel space centroid) applied to compute the reduced vowel space is shown on the x-axis, and the probability of the two sets being indicated to be the same (the p-value) is shown on the y-axis. The 5% alpha level where a statistically significant difference would predominantly be reported is indicated by a dashed horizontal line.
of different sizes, but showed a substantial variation in probability estimates across all sample sizes. Thus, evidence is provided for FCR3 being powerful in finding differences, but not reliably so for all sizes of reductions and with an added potential bias toward Type I error for larger sample sizes. VSA3 and AVS appear to be the least statistically powerful metrics investigated.
V. CONCLUSIONS
The VFD metric outlined here provides an enhanced view of articulation changes compared to rival metrics based on vowel formant frequencies. It is a phonetically intuitive metric which affords easy transferal to articulatory interpretations, and was shown in simulations to be more efficient in terms of maintaining a level of statistical power consistent with an expanded data collection effort. The VFD view further introduces the possibility of constructing within-speaker models of articulation changes not afforded by previously proposed metrics. VFD is not specifically designed for finding differences between conditions, and was shown to be less likely to increase the risk of Type I error of analysis. It is therefore argued that the VFD method outlined here is superior to previously proposed metrics for the study of vowel production based on vowel formant frequency measurements. 
